Imaging in both medicine and research has proven to be crucial to understanding the structure and function of many tissues in health and disease. Clinical imaging modalities (PET, MRI, CT, etc.) allow a view of whole organs noninvasively. However, the low spatial resolution of these modalities prevents visualization of the earliest stages of disease onset and determination of cause-and-effect relationships among cells during tumor progression. Understanding these earliest stages and cause-and-effect relationships may provide new opportunities for therapeutic intervention.
Optical imaging modalities (e.g., confocal and multiphoton imaging) can detect and image tissues with single-cell resolution. However, imaging of internal organs, particularly those of the thoracic cavity, presents several challenges that arise from both the inaccessibility and constant motion of these organs. One organ of particular interest is the lung, the site of many pathologies, including acute sickle cell crisis, lung cancer, asthma, and metastatic disease.
Recent technological advancements have enabled subcellularresolution optical imaging of the murine lung over periods of up to 12 h 1,2 . These techniques have provided the first high-resolution images of the living, breathing lung. They accomplish this by mechanically ventilating the animal, resecting the ribcage, and immobilizing the lung tissue using vacuum.
As such, they are extremely invasive, terminal surgeries which are limited in duration and do not allow more than one imaging session. This prevents their application to processes such as stable, high-resolution intravital imaging of the lung has become possible through the utilization of vacuum-stabilized imaging windows. however, this technique is extremely invasive and limited to only hours in duration. here we describe a minimally invasive, permanently implantable window for high-resolution intravital imaging of the murine lung that allows the mouse to survive surgery, recover from anesthesia, and breathe independently. compared to vacuum-stabilized windows, this window produces the same high-quality images without vacuum-induced artifacts; it is also less invasive, which allows imaging of the same lung tissue over a period of weeks. We further adapt the technique of microcartography for reliable relocalization of the same cells longitudinally. using commonly employed experimental, as well as more clinically relevant, spontaneous metastasis models, we visualize all stages of metastatic seeding, including: tumor cell arrival; extravasation; growth and progression to micrometastases; as well as tumor microenvironment of metastasis function, the hallmark of hematogenous dissemination of tumor cells.
spontaneous metastatic progression that take longer than 12 h to manifest. In addition, there may be artifacts associated with vacuum immobilization of the lung such as compression of blood vessels, which affects vascular flow 1, 2 . Having the ability to perform high-resolution optical imaging in metastatic sites such as the lung (the most common site of metastasis in breast cancer) over days to weeks would enable the study and identification of commonalities between metastases and the primary tumors from which they derive, identification of the mechanism by which premetastatic niche formation affects the fate of tumor cells in the lung, and the observation of differences between experimental and spontaneous lung metastatic seeding and progression.
Here we present a minimally invasive 3 window for high-resolution imaging of the lung (WHRIL), which allows repeated optical imaging over a period of days to weeks without the need for mechanical ventilation 1 , high-speed gated imaging 4 , or complex image processing postacquisition 5 . The technique creates a 'transparent ribcage' that seals the thoracic cavity and protects the lung tissue and so allows the mouse to completely recover and return to normal activity after surgery and between each imaging session. To easily and reliably relocalize the same microvasculature day after day, we adapt a technique known as microcartography 6 to this window.
We demonstrate the utility of the WHRIL by looking at multiple stages of metastatic progression of breast cancer. We do this in both the commonly employed experimental (tail-vein injection) as well as the more clinically relevant spontaneous metastasis models, the latter of which has not previously been examined with intravital imaging because of researcher's inability to determine when tumor cells arrive at the lung vasculature with previous techniques. Using these models, we have captured images of cells arriving at the vasculature; and for the first time (to our knowledge), we have captured images of cells crossing the endothelium into the parenchyma. Additionally, we follow these locations as the cells grow into micrometastases and, further, we look in these micrometastases at the presence and function in the lung of the tripartite microanatomical structure, tumor microenvironment of metastasis (TMEM), which was discovered to be responsible for hematogenous dissemination of tumor cells within the primary site 7, 8 . results design of the window for high-resolution imaging of the lung The design of the implantable WHRIL is shown in Figure 1a ,b. This window is composed of a stainless steel frame with a central aperture that accepts a 5-mm coverslip. A 1.75-mm groove around the circumference allows the window to be inserted snugly between the ribs. A bevel on the thoracic side conforms to the curvature of the lung, and its overall thickness is chosen to be smaller than the working distance of the objective lens (2 mm).
Passivation of the steel (see Online Methods) ensures that the window is sterile at the time of implantation and that it remains inert over the duration of use. Passivation is a crucial finishing step that transforms the stainless steel into an inert material that can be safely implanted into the animal, and this prevents corrosion and subsequent inflammatory responses. design of the fixturing plate As described in the surgery section below, the lung tissue itself is isolated from motion caused by breathing and the heartbeat. However, because the WHRIL is part of the ribcage, the window and frame are susceptible to motion of the entire thorax created by the mouse's inspiration. Minimizing this movement is essential for acquiring high-resolution images, as motion artifacts of even a few microns can blur and distort images. Part of this immobilization is accomplished by securing the window to the stage via a thin fixturing plate (Fig. 1c,d ) that is slid between the window's outer edge and the mouse's skin. Figure 1e demonstrates how the window is captured by the fixturing plate. Use of an inverted microscope enables the window to be affixed to the xy stage while the thorax and lung tissue are allowed to expand and contract naturally and without any impediment to respiration. This keeps the imaged tissue completely immobilized relative to the microscope objective, allows the use of relatively slow image-acquisition speeds (~1 frame per second (fps)), and obviates the need for gated acquisition or postprocessing.
minimally invasive surgery
To create a permanent, implantable optical-imaging window that would allow the mouse to breathe independently during imaging, we developed the protocol summarized in Figure 1f and described in detail in the Online Methods section. Briefly, before surgery, mice are anesthetized, and the hair over the left thorax is depilated. Intubation and mechanical ventilation allow the mouse to survive during the brief time the seal of the thoracic cavity is broken. Skin and muscle over the chest wall is excised, and ribs 6 and 7 are partially removed. The window is inserted into the gap in the chest wall and secured with a combination of sutures and adhesive, and this reseals the thoracic cavity and allows the mouse to breathe independently after extubation. Mice over 3 months old are best suited for surgery, as the trachea and ribs are thicker and more durable than in younger mice. If the procedure is performed correctly, the window will become an integral part of the chest wall, and the thoracic cavity will be well sealed with the lung tissue fully adhered to the cover glass. This allows the mouse to live comfortably and to be imaged daily up to the protocol allowance (2 weeks).
Physiological impact of the window for high-resolution imaging of the lung
To determine the effect of the surgery and long-term use of the WHRIL on the physiology of the mouse, we performed a series of experiments looking at reactivity to handling, appearance, behavior, weight, and counts of white and red blood cells 9 (Fig. 2a) , metrics that were previously used to validate an abdominal imaging window 10 . As can be seen in Supplementary Video 1, mice are able continue their normal feeding, grooming, and nesting behavior without impediment to their movement.
Overall, we observed only mild alterations in behavior such as ruffled fur (in one out of eight mice) and a slightly elevated white blood cell count (in one other of the eight mice). Across the cohort, there was a slight drop, and partial recovery, in weight and red blood cell count; this drop was less than an s.d. 
Articles
To test whether the WHRIL causes any tissue damage (e.g., necrotic zones or abnormal lung architecture), we analyzed hematoxylin-and eosin-stained sections of lung tissue located both under the window and away from the window at several different timepoints (Fig. 2b) . Independent evaluation by two pathologists identified no regions of necrosis and mild ventilator-induced alveolar distention regardless of association with the window. Focal collections of proteinaceous fluid and occasional reactive pneumocytes were noted in some of the alveoli at postoperative day (POD) 3. These changes were not apparent on POD 7 or 14.
To further evaluate whether any inflammation was induced, we analyzed sections of lung tissue stained with ionized calcium-binding adaptor molecule 1 (IBA1), which is "highly and specifically expressed in a monocytic lineage including microglia and macrophages" 11 . Macrophages are the best marker for inflammation since they "become the dominant population in prolonged inflammatory reactions" 12 , peaking in their numbers by 3 d after injury. As shown in Supplementary Figure 1a , no statistically significant increase in macrophages is observed over the 2 weeks of implantation. Example images are shown in Supplementary Figure 1b. image quality and comparison to vacuum window Just as with our previously published vacuum window 2 , the WHRIL allows the continuous acquisition of stable, high-resolution, timelapse images of the lung vasculature over multiple time scales extending from minutes to hours. As an example, we have used the WHRIL to capture images of single cells in the healthy lung. Shown in Supplementary Figure 2a are two frames from the raw time-lapse video (see Online Methods) that show macrophages (yellow arrows) resident in the parenchyma and monocytes (yellow arrow heads) circulating through the lung vasculature, which itself has been labeled with a fluorescent high-molecular-weight dextran (red). The high spatial stability of the imaged field allows the application of our previously published blood-averaging technique 2 , which eliminates the transient disruption of vascular signal that occurs when unlabeled erythrocytes and leukocytes pass through the lumen of the vessels and occlude the fluorescent dextran ( Supplementary  Fig. 2b ). Supplementary Video 2 shows the blood-averaged and raw, unaveraged videos side by side for comparison.
In order to determine the positioning of cells relative to the vasculature (luminal versus abluminal), we used mice in which the endothelial cells were transgenically labeled with fluorescently tagged VE-cadherin (B6.FVB-Tg(Cdh5-cre)7Mlia/J × B6. 
Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze) ( Supplementary  Fig. 3 ). This gives a clear dividing line between the intravascular and the extravascular space that persists even when the blood serum (and hence the fluorescent dextran) is occluded by the presence of a cell in the lumen of the vessel.
impact on blood flow
To determine the impact of the window on the blood flow right beneath the coverslip, we set out to measure the vascular flow rate by injecting 2.5-µm fluorescent microspheres into the blood stream (see Online Methods) and directly visualizing them using a high-speed confocal microscope (see Supplementary Fig. 4) .
The observed values can be directly compared to those presented in Looney et al. 1 , where they measured the rate of blood flow in the mouse lung vasculature using a vacuum-stabilized imaging window and reported a mean flow rate for small (0.109 ± 0.012 mm/s) and medium-sized (0.11 ± 0.01 mm/s) vessels. Using the formula described in ref. 13 , these values combine to an average speed of 0.18 ± 0.03 mm/s. A similar comparison can be made to the values provided by Presson et al. 5 , which, after repeated application of Baker's formula, yields a mean flow rate of 0.3 ± 0.1 mm/s. The value measured by Looney et al. 1 is much lower than our measured mean of 0.34 ± 0.02 mm/s, but it is consistent with that of Presson et al. 5 We are able to observe several events of much higher speeds (~1.5-1.6 mm/s) than those reported by either Looney et al. 1 or Presson et al. 5 , which suggests that high flow rates may have been hampered in these reports. Our numbers are consistent, however, with those reported by Hanna et al. 14 , who observed flow rates as high as ~2 mm/s using insufflation, and not vacuum, for stabilization. However, as these observations were made in the rat, direct comparisons are problematic.
relocalization of regions of interest within the window
Unlike the previously published lung-imaging windows, the WHRIL offers multiple views into the lung vasculature over days and even weeks. Given that the surface of the lung is a fairly uniform meshwork of nearly identical capillaries and alveoli, relocalization of the same microvasculature day after day is extremely challenging. This is especially so when the mouse is removed from and returned to the microscope stage on consecutive imaging sessions, since arbitrary rotations and translations of the tissue relative to the objective lens occur. To overcome this challenge, we adapted a previously published technique we developed: in vivo microcartography 6 .
In our prior study, microspheres placed within a dorsal skin fold chamber acted as fiducial marks whose position could be easily located and recorded at the beginning of each imaging session. These marks were then used to create a set of basis vectors and construct a coordinate transformation that allowed relocalization of any point that was previously recorded. The scheme is diagrammatically demonstrated in Figure 3a , where basis vectors (black arrows) formed by the xy stage's origin (blue dot) and the fiducial marks (black dots) can be defined on sequential imaging sessions (Session 1 and Session 2). In our current implementation, the microspheres are substituted with grooves etched onto the window frame before implantation (Fig. 3b) . These grooves serve as the fiducial marks and remain fixed relative to the tissue within the window. Using this technique, we are able to relocate the same microvasculature daily (Fig. 3c) . The procedure works reliably and reproducibly, consistently relocating structures. The left-hand plot of Figure 3d demonstrates the x and y repositioning accuracy; 100% of the time, structures are relocated within a single 512 × 512 µm imaging field of view (red box). This same data can be redrawn as a dot plot showing the overall precision of microcartography's ability to relocate a region of interest (right plot, purple dots). These data can then be directly compared to the relocalization ability in mice bearing lung metastases (right plot, green dots).
imaging of metastatic cancer cells in the lung
In order to demonstrate the utility of the WHRIL, we imaged multiple stages of metastatic progression of breast cancer in the lung in both experimental and spontaneous metastasis models.
Using the WHRIL, we captured high-resolution, real-time images of single cells as they arrive at the vascular bed of the lung ( Fig. 4a and Supplementary Video 3) and cross the endothelium ( Fig. 4b,c capture motion of subcellular organelles. For instance, Figure 5a and Supplementary Video 6 show unlabeled organelles, potentially condensed DNA, moving in a pattern characteristic of chromosomal separation during cell division. We have also been able to image the growth of a small number of disseminated tumor cells into micrometastases. We accomplish this using the commonly employed experimental metastasis model, where tumor cells are directly injected into the vasculature (Fig. 5b) , as well as a model where the tumor cells disseminate spontaneously from an orthotopically growing primary tumor (Fig. 5c ). Our observations of tumor cell arrival, endothelial crossing, and growth into micrometastases represent, to our knowledge, the first reported instances in the literature.
As the WHRIL enables return to the same vasculature day after day, we can determine the fate of tumor cells without having to continuously image them. For example, when a disseminating tumor cell first arrives to the lung, we can identify it by visualizing and recording its position. Thus, even when we are unable to record events that occur during a relatively brief time interval (such as tumor cell transendothelial migration or disappearance through apoptosis or recirculation), we can still determine a cell's fate by using microcartography to return to the same exact field of view on subsequent imaging sessions. Coregistration of the two images clearly shows disappearance of the cell ( Supplementary  Fig. 6a ) or its transendothelial migration ( Supplementary  Fig. 6b and Supplementary Video 7), which can be verified by the juxtaposition of the tumor cell relative to the vasculature.
Finally, we have looked at the dynamics of the interaction between tumor cells, macrophages, and endothelial cells within micrometastases. In the primary tumor, the juxtaposition of these three cell types forms the microanatomical structure known as TMEM, which has been shown to be the sole mechanism for hematogenous dissemination. In the primary tumor, TMEM function is visualized and identified by the transient permeability of vascular contents into the interstitum 7, 8 .
Looking in formalin-fixed, paraffin-embedded tissues from patients, we have found TMEM structures in breast cancer Articles metastases in the lung, one example of which is shown in Figure 6a . This led us to speculate that we would be able to observe TMEM function in the live lung with intravital imaging. Using the WHRIL, we time-lapse imaged TMEM structures in lung metastases and, as shown in Figure 6b and Supplementary Video 8, we observed TMEM-associated transient vascular leakage in the lung exhibiting a temporal permeability profile identical to that seen in the primary tumor 7 .
To discern the TMEM-associated permeability from other systemic changes in blood flow, we quantified the extravascular dextran located adjacent to the TMEM (Fig. 6b, position 1 , red circle in t = 29 min panel) and directly compared it to the vascular signal at three other distant locations (Fig. 6b, positions 2-4 , blue, magenta, and green circles in t = 29 min panel) within the imaged field of view. Not only does the temporal profile (Fig. 6c) of the TMEM-associated signal (position 1) drastically differ from the vascular measurements (positions 2-4), it also does not display the random fluctuations observed within the vasculature that are caused by passing unlabeled erythrocytes and leukocytes, as mentioned in the above section on blood averaging. These data, along with the steady vascular morphology observed over time (Fig. 6b, white arrows) , eliminates the possibility that the TMEMassociated extravascular dextran signal is due to systemic blood flow changes or a change in optical focus. discussion We have developed and validated an implantable, permanent window for repeated visualization of the murine lung with highresolution multiphoton microscopy over weeks. This window, and its accompanying minimally invasive surgical protocol, reproduce the capability of existing murine lung-imaging windows 2 to produce stable, high-resolution images of the lung vasculature in many imaging sessions over several weeks.
However, unlike any other murine lung-imaging window, the WHRIL dramatically reduces the invasiveness of the surgery and reseals the thoracic cavity. This makes it possible for the mouse to recover from anesthesia, breathe independently (both between and during imaging sessions), and live with this 'transparent ribcage' for weeks. Immobilization of the lung tissue, accomplished with a thin (<10 µm) layer of adhesive, obviates the need for high-speed gated imaging 4 or other specialized ventilation 14 or image-processing techniques 5, 15 . This results in a simplified experimental setup during imaging and makes the WHRIL accessible for use in a wide range of applications by any laboratory with a multiphoton microscope.
This window, combined with our previously published channelsubtraction techniques 16, 17 , allows the capture of multiple fluorescence signals simultaneously and demonstrates that the capture of five or more different fluorescence signals with only four detectors is possible. Custom-developed multiphoton microscopes can also expand upon this capability through an increase in number of detectors and an expanded wavelength range by use of an optical parametric oscillator 16 .
Only two groups have been successful in developing permanent implantable windows. In 1963, Alva and Ranier 18 developed a 2-in diameter window for use in dogs and rabbits; and in 1994, Fingar and Wieman 19 developed a 1-in diameter window for use in rats. While both of these windows allowed survival of the animal after surgery, neither was capable of stabilizing the lung tissue for high-resolution imaging, and both were limited to use in large animals. Only the work of Kimura and Hoffman 20 was able to attain a view of the murine lung over multiple days, albeit at low resolution. This was accomplished, however, by a protocol that involved multiple surgeries, cutting open the chest wall as well as surgically exposing the trachea (to verify correct intubation) for each imaging session. The lung tissue was also immobilized using sustained positive end expiratory pressure (PEEP) during imaging. This protocol is extremely invasive, prevents healing of the chest wall, potentially causes damage to the alveoli from overexpansion of the lung tissue, and runs a high risk of infection. These techniques fall in line with the conclusions presented in Fiole and Tournier's recent review of the field, in which they observe that "strategies developed in order to overcome movements of the thorax caused by breathing and heartbeats remain the chief drawback of the technique and a major source of invasiveness" 15 . This leads them to the conclusion that, "In broad terms, greater invasiveness leads to better resolution" 15 . The WHRIL addresses these concerns, is (to our knowledge) the first permanent window to be developed for mice, and provides a solution that is both high resolution and minimally invasive.
Clearly, all surgical interventions to an animal to implant an optical window may cause minor inflammation. However, using several complementary assays, we have shown that this inflammation is minimal, even with the use of an adhesive for immobilizing the lung tissue. While we cannot completely rule out the possibility that the CSF1+ cells we observe in the lung are not recruited bone marrow macrophages, the fact that we do not see a significant (P > 0.29) increase in total macrophage numbers compared with numbers in control (no implant) tissues indicates that these are most likely resident, and not inflammatory, macrophages. However, for those wishing to eliminate the adhesive from this protocol altogether, imaging may be performed with high-speed gated acquisition as described in ref. 4 , or the tissue can be stabilized with the PEEP protocol described by Kimura et al. 20 . In these cases, fiducial marks for microcartography may be added directly to the tissue using the photo-tattooing method described by Ritsma et al. 21 . In all cases, it is crucial to include appropriate controls so as to isolate the impact of the surgical protocol from the biology being studied. Using the WHRIL, we have provided (to our knowledge) the first direct visualization, with single-cell resolution, of all of the steps of metastasis, including arrival, extravasation, growth, and progression to micrometastases. We have done this using both the experimental and, importantly, the more clinically relevant, spontaneously metastasizing cancer models. Furthermore, we have observed, the activity of the tripartite structure TMEM in metastatic lung lesions, and this finding suggests that the same mechanism of hematogenous dissemination seen in the primary tumor is present and functional in metastatic lesions.
The major limitation of this technology, as with optical-imaging techniques of all tissues, is its relatively limited depth of penetration. This limitation means that pathologies which occur in the larger bronchioles and vessels deep within the lung are inaccessible for high-resolution optical imaging. Despite this limitation, the technique can still yield clinically relevant information, particularly information relevant to the field of cancer, since it has been documented that lung metastases are found at the periphery of the lung, as is large-cell carcinoma and a portion of squamous cell carcinoma metastasis [22] [23] [24] [25] -well within the imaging depth of multiphoton microscopy. Further, this technology provides a considerable advantage over standard ex vivo assays 26, 27 , which disconnect the tissue from the physiological gas and cell exchange 5 , as well as the newly developed in vivo imaging methods, which are limited in duration and do not extend beyond 12 h 2,28 .
The ability to view the same lung tissue with subcellular resolution over multiple days may address many unanswered questions in lung pathology. As one example (of many), the role and importance of circulating tumor cell clusters in metastasis has recently garnered renewed interest. Originally published as part of a series of investigations into the functional dependence of experimental metastasis (intravenous injection of tumor cells) on tumor cell number, size, and viability, Fidler 29 reported that clusters of tumor cells injected directly into the vasculature resulted in an increased number of metastases when compared with an equivalent injection of single cells. These results were recapitulated in experiments by Liotta et al. 30 and, most recently, Aceto et al. 31 .
All of these studies, however, have relied upon the intravenous injection of tumor cells and endpoint evaluations of gross metastases in the lung, with all steps in between remaining hidden. In addition to being rather aphysiological (tumor cells do not metastasize naturally as a huge bolus of cells injected into the vasculature), interpretation of these data relies upon the assumption that the metastases that develop weeks after injection are directly derived from the injected clusters. While it is possible, there is no direct evidence for this assumption. What would be required to address this question directly is the ability to repeatedly visualize the lungs of these mice with single-cell resolution and follow the sites where tumor cells arrive and seed over the period of weeks it takes them to grow into macrometastases.
Only the WHRIL gives researchers this ability to directly visualize tumor cell arrival and ultimate fate during spontaneous metastatic progression over weeks, and this enables investigations into the mechanisms underlying tumor cell seeding, survival, dormancy, and growth. methods Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. online methods See Protocol Exchange 32 or Supplementary Protocol for a detailed protocol for WHRIL implantation.
Window passivation method. The protocol used for passivation is an acid-alkaline-acid (A-A-A) method, which was adopted from standards published by the American Society for Testing and Materials (ASTM A967-13) and the online protocol published by DeBold and Martin in 2003 (http://www.mmsonline.com/articles/ how-to-passivate-stainless-steel-parts). Briefly, after washing in a 1% solution of enzyme-active detergent (Terg-A-Zyme, Alconox Inc.), window frames are soaked for 30 min in a 5% solution of sodium hydroxide at 70 °C followed by a thorough rinse in sterile deionized water. Next, window frames are immersed for 10 min in a 7%-by-volume citric acid solution at 55 °C again followed by a thorough rinse in sterile deionized water. The frames are again immersed in the sodium hydroxide solution for another 30 min and followed by a final rinse in sterile deionized water.
Animal models. All studies involving mice were carried out in accordance with the National Institutes of Health regulation concerning the care and use of experimental animals and approved by the Einstein College of Medicine Animal Care and Use Committee. Two transgenic variants of the C57BL/6 strain of mice were used for intravital imaging: (i) a VeCad-tdTomato mouse expressing the fluorescent protein tdTomato on all endothelia generated by crossing B6.FVB-Tg(Cdh5-cre)7Mlia/J (006137, Jackson Labs) with B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze (007914, Jackson Labs) and (ii) a VeCad-tdTomato/Csf1r-ECFP mouse expressing tdTomato on endothelia and ECFP on macrophages generated by crossing the VeCad-tdTomato with Csf1r-GAL4VP16/UAS-ECFP 33 . Once strains were established, all mice were bred in house. Only female mice between 12 and 36 weeks of age were used for experiments.
Window for High Resolution Imaging of the Lung surgery.
Mice are anesthetized using 5% isofluorane (#029405, Henry Schein, Inc.), and the surgery is performed under aseptic conditions. Once anesthetized, the hair on the left thorax of the mouse is removed using a depilatory cream (Nair, Church & Dwight Co., Inc.). The mouse is intubated following the protocol of DuPage et al. 34 using a 22-gauge catheter (#26746, Exelint International) that is then secured around the snout with 2-0 silk suture (PermaHand Silk LA55G, Ethicon, Inc.). Placing the mouse in the right lateral decubitus position on an operating surface and securing the limbs cranially and caudally with paper tape, the catheter is then connected to a mechanical ventilator (MouseVent for PhysioSuite, Kent Scientific, Inc.). Anesthesia is reduced to 3%, and the surgical field is disinfected with 70% chlorhexidine gluconate (ChloraPrep, Becton Dickenson, Inc.). A 1 cm diameter circular incision is made through the skin 7 mm lateral of the sternum and superior to the last floating rib.
The mammary gland and underlying muscle are excised using blunt microdissecting scissors (RS-5980, Roboz) and electrocautery (GEM 5917, Braintree Scientific) when necessary to maintain hemostasis. A 5 mm circular hole is cut through ribs 6 and 7, taking extreme care not to touch the lung tissue. A purse-string suture (774B, Ethicon, Inc.) is run 1 mm from the edge of the circular hole, intercalating between the ribs, and the stainless steel window frame is inserted so that the ribs and suture fit snugly into the 1.25 mm groove (Fig. 1) . The suture is tied three times with the knot fitting within the groove. Care must be paid not to cinch the suture too tightly, as the muscle is delicate and tears easily.
Using small curved pickups (RS-5135, Roboz), the window frame is raised to separate the chest wall from the lung tissue, allowing a small amount of cyanoacrylate (LOC1363589, Henkel Adhesives) to be dispensed on the underside of the window frame with an insulin syringe. By increasing the ventilator's positive end expiratory pressure (PEEP), the lung tissue is inflated so that it makes contact with the underside of the window frame. PEEP is briefly held (~10 s) to allow the adhesive to set and then released. Next, PEEP is again briefly increased, while a 5 mm, no. 1.5 circular coverslip (72296-05, Electron Microscopy Sciences) coated with a thin layer of cyanoacrylate glue is affixed on to the window frame and lung surface. Use of PEEP to inflate the lung ensures the window will adhere evenly over the entire surface.
Another purse-string suture is run through the dermis, cinching the skin under the frame of the window, and is secured with three knots, which provides complete surgical closure. Finally, excess air within the thoracic cavity is evacuated using an insulin syringe placed through the diaphragm just below the xiphoid process and angled cranially toward the left shoulder. At the end of the surgical procedure, mice are allowed to recover from anesthesia and extubated, and buprenorphine (NDC 0409-2012-32, Hospira) is administered subcutaneously daily for pain control.
Validation. WHRIL-bearing mice were visually observed daily for 14 d (consecutive days) to determine reactivity to handling, appearance and behavior based upon a previously published grading scale 9 . Each mouse was weighed before window implantation and daily thereafter. Blood samples were obtained using retroorbital collection preoperatively and on five subsequent occasions and analyzed on a hematology analyzer (Forcyte, Oxford Science). A few measurements (8 of 48, <2 per animal) were lost on account of clogging of the hematology analyzer. IBA1 quantification. Lung tissues from control and WHRILbearing mice were sectioned and stained for IBA1. Stained slides were scanned on a PerkinElmer Pannoramic P250 digital whole-slide scanner with a 20× magnification and then loaded into Visiopharm's Vis analysis software for quantification with a custom-developed app. Lung tissue was identified using the IHS-I band with a 3 × 3 pixel median filter applied at 0.5× magnification followed by edge smoothing with a 5 pixel dilation and erosion and hole filling. IBA1 staining was isolated within this lung tissue using the Contrast Red-Blue band with a 3 × 3 pixel median filter applied at 20× magnification and then thresholded for bright pixels. Smoothing with a 5 pixel dilation and erosion was followed by elimination of objects smaller than 20 µm 2 . Analysis was applied to five 40× equivalent fields of view (~340 × 440 µm) in areas that had been under the coverslip or equivalent regions for the control mice. Macrophage count was then calculated. Statistical power was calculated to attain a minimum of 80% power to detect a difference between each of the four postoperative groups and the control at an overall one-sided significance level of 0.05. The use of a one-sided test here is justified by the knowledge that the macrophage population will not decrease during inflammation. From initial experiments on control mice, we determined that the mean macrophage counts were 230, and the s.d. was 121. From the literature we know that acute inflammation in the lung results in greater than a three-fold increase in macrophages in the lung. Choi et al. 35 showed a 3.3-fold increase (Fig. 4b) , and Kearns et al. 36 showed a 3.6-fold increase (Fig. 1a) . Using the smaller of these numbers, if the true difference between treatments were 230 × 3.3 = 759, it would imply a difference of means of 529. A standard power calculation based upon these numbers calls for a minimum of four animals per group. Reversing the calculation, four animals per group results in an actual power of 85%. We always prepare a few more animals than necessary because of technical difficulties that may arise in the tissue collection technique with the result that some days wind up having more than four animals.
Blood-flow quantification. As discussed in Wagner and
Filley's 1965 paper 37 , frame rates well in excess of 128 pictures per s are required for direct quantification of blood flow in the capillaries of the lung, with Vogel further recommending more than 500 pictures per second to "slow the capillary flow adequately for quantitation of velocity" 37 . In order to avoid having to attain these frame rates, we injected 2.5 µm fluorescent microspheres (AlignFlow, Molecular Probes) retro-orbitally and imaged their transit through the lung vasculature using a Yokogawa high-speed confocal microscope (Ultraview RS-3, PerkinElmer). Since this system is equipped with an EMCCD camera, each image is formed by the continuous acquisition of photons during the image's exposure time. Thus, light coming from rapidly moving objects is blurred across the image throughout the exposure, and this creates a streak that delineates the microsphere's path through the vasculature. This is demonstrated in Supplementary Figure 4 , where the t = 0 s panel shows the vasculature (labeled by fluorescent dextran) after injection of the microspheres but without flowing microspheres. The panels at t = 5.876 s and at t = 21.244 s each show a single flowing microsphere transiting the vasculature (yellow arrows). The use of 2.5 µm fluorescent microspheres ensures that the particles are large enough to be seen in the microscope, but small enough to be carried along with erythrocytes without affecting flow. Despite this, some of the microspheres can be seen to have arrested in the lung (cyan arrows in t = 0 s panel), presumably taken up by phagocytic cells. In no case, however, was blood flow observed to have been arrested or dextran to have leaked out of the vasculature.
These data can be quantified and are presented in Supplementary Figure 4 as a histogram of flow rates. WHRILbearing mice were prepared and imaged on a Yokogawa highspeed confocal microscope using a 20× 0.5 NA air objective lens on POD 1. 25 µL of 2.5 µm fluorescent beads diluted in 25 µL of PBS were injected retro-orbitally. Five randomly chosen fields of view were imaged at two different frame rates (slow = 452 ms per frame and fast = 110 ms per frame) for 30 s. Two different speeds were chosen so as not to bias the measurements toward fast-or slow-moving beads. Images were quantified in ImageJ 38 by tracing the microsphere paths with freehand line ROIs and measuring their lengths. Beads whose traces touched the image boundaries were not scored. A total of 144 traces were quantified using two different mice. The histogram and histogram statistics were calculated in Graphpad Prism 7.
Intravital imaging. Mice were anesthetized using 2% isofluorane and injected with dextran retro-orbitally for visualization of blood flow. For long time-lapse imaging sessions, a tail-vein catheter was inserted following the protocol published by Harney et al. 39 for periodic hydration using PBS and readministration of dextran. To stabilize the motion of the window, a thin fixturing plate (Fig. 1c) was placed between the skin and the outside lip of the window frame. The mouse was inverted and placed on the microscope stage, and the fixturing plate was taped to the stage using paper tape. An environmental enclosure maintained the mouse at physiological temperatures, and vitals were monitored using pulse oximeter (MouseStat for PhysioSuite, Kent Scientific). Imaging was performed on a previously described, custom-built, two-laser multiphoton 2, 16 . All images were captured in 16 bit using a 25× 1.05 NA objective lens and acquired with two frame averages.
Microcartography. Prior to window implantation, window frames were etched with fiducial marks spaced 120° apart using a carbide-tipped electric engraving pen. After implantation, each time the mouse was placed on the xy stage, the xy coordinates of these navigational reference points were located by moving the objective lens so as to image each etched line and the xy coordinates reported by the stage controller noted. The xy coordinates of each region of interest (ROI) were also noted and, along with the etched line coordinates, were manually entered into the customwritten microcartography software (LabVIEW, National Instrument, Inc.; Supplementary Data 1). Upon subsequent imaging sessions, the xy coordinates of the etched lines were again recorded and entered into the software, which then calculated the coordinate transformation and applied the transformation to the ROI coordinates. This generated prediction coordinates for the regions of interest.
Relocalization using microcartography. Verification of the WHRIL's ability to return to the same vasculature day after day can be accomplished by the visual identification of structures that maintain their morphology between imaging sessions. Two examples are the dextran-labeled blood vasculature (Figs. 3c and  5b,c; Supplementary Fig. 6 ) and the second harmonic generation (SHG) signal generated by the network of collagen I fibers present in the lung (Supplementary Fig. 7 ). Of these two, the blood vasculature is arguably the best structure for this identification, as it is rather insensitive to slight deviations in focus and can accommodate any tilt that may occur. The fine collagen I network is more susceptible to these influences as well as the dependence of SHG signals upon the orientation of the laser polarization relative to the fibers. Still, these factors may be overcome by (i) taking care to consistently position the mouse on the microscope stage in the same orientation, (ii) using leveling screws that come on many xy stage plates, and (iii) acquiring z-stacks of images into the tissue, which enables definitive revisualization of even these fine structures. As an example of this last point, Supplementary  Figure 7 demonstrates this using the SHG channel from the images displayed in Figure 5b ,c. Components of the collagen network are immediately recognizable from day to day (correspondingly colored arrows), despite some morphological changes (e.g., straightening of collagen fibers) between imaging sessions. This is so for z-projections with many slices (Supplementary Fig. 7b , eight slices) or just two slices (Supplementary Fig. 7a) . In either case, the determination of the luminal or abluminal positioning of tumor cells will not be affected by stage tilt, as both the vasculature and tumor cells will be impacted identically, and their relative positioning easily determined.
Tumor microenvironment of metastasis imaging. To image the dynamics of TMEM function in the lung, mice were prepared as described in "Spontaneous metastasis preparation, " and lung metastases that were larger than 200 µm were time-lapse imaged.
Cell culture. E0771-EGFP medullary breast adenocarcinoma cells, originally isolated from a spontaneous mammary tumor in C57BL/6 mice, were obtained indirectly from E. Mihich's lab at Roswell Park Cancer Institute, Buffalo, New York. Cells were cultured in RPMI medium 1640 (11875-093, ThermoFisher, Inc.) media as a monolayer. Cells were authenticated using exome gDNA sequencing to look at the single-nucleotide variants for this line. Based upon the presence of three mutations, a homozygous activating K-Ras mutation, a truncating mutation, and a nonsynonymous SNV in p53, the identity of this cell line has been established. Cells were tested for mycoplasma contamination before use.
Experimental metastasis preparation. Cells for experimental metastasis were prepared by trypsinizing a 10 cm confluent culture dish of E0771-EGFP cells and passing them through a 40 µm cell strainer (352340, Falcon) to isolate single cells. Cells were then resuspended to a concentration of 1 million E0771 cells in 100 µL of PBS and injected into WHRIL-bearing mice, postoperative day 1, via lateral tail vein.
Spontaneous metastasis preparation. Cells for the spontaneous metastasis models were prepared by injecting 1 million E0771-EGFP cells prepared as above in 200 µL of PBS into the ninth mammary gland. In order to best forecast when the WHRIL should be implanted in order to visualize lung metastases, tumor growth curves were established by injecting approximately 1 × 10 6 tumor cells into the right fourth mammary gland of the mouse (Supplementary Fig. 8 ). Primary breast tumors were allowed to grow to a maximum of 2 cm (largest dimension) over the course of 6 weeks. Two mice were sacrificed each week, and their lungs were excised and examined on a fluorescence microscope. The growth of micrometastases was evaluated by counting the number of single cells and micrometastases observable on the surface of the left lung. Using this information, we determined that optimal time for observation of the initial arrival of tumor cells to the lung was 3-4 weeks, and the optimal time for observation of TMEM function was 4-6 weeks. In all cases, a WHRIL was placed 24 h before imaging.
Image processing and analysis. Occasionally, a small amount of lateral drift was observed in time-lapse movies. In these cases, application of the StackReg plugin 40 for ImageJ 38 restored motionartifact free images.
Unless otherwise noted in the figure legends, all images and movies presented are the raw data acquired from the microscope with minimal adjustment of brightness and contrast and with a 0.5 pixel median filter applied to reduce salt-and-pepper noise.
Three-dimensional reconstruction. The difference between the luminal and abluminal sides of the lung vasculature can be difficult to ascertain from a single, or just a few, optical sections. 3D reconstructions dramatically aid in this determination by providing the full endothelial surface, and thus they allow researchers to visualize exactly when and where the tumor cells cross the endothelium. For 3D reconstructions, TIFF image data were imported into Imaris 8.4 (BitPlane). To more clearly distinguish between structures inside and outside of vasculature, the blue and green signal was removed from the topmost z slice. Background subtraction was performed, followed by salt-andpepper noise removal using a median filter with a 3 × 3 × 1 kernel. After import of images into Imaris, isosurfaces were created based upon manually selected intensity threshold values chosen to best match the overlap of the generated surface with the raw data. After surface generation, small objects (30 µm 3 for blood vessels, 20 µm 3 for tumor cells and macrophages) were removed. The reconstructed surfaces were overlaid on the raw image to ensure the surfaces fit the raw data in all three axes. This reconstruction could be performed equally well for either the blood averaged or the raw data. 
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For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
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The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
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Describe the software used to analyze the data in this study.
Graphpad Prism 7
For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for providing algorithms and software for publication provides further information on this topic.
Materials and reagents
Policy information about availability of materials
Materials availability
Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a for-profit company.
No unique materials were used for this study.
Antibodies
Describe the antibodies used and how they were validated for use in the system under study (i.e. assay and species).
Standard IBA1 staining was used and validated by pathologist identification of staining positivity and specificity.
nature research | life sciences reporting summary Our E0771 cells were obtained from Dr. Wakefield's lab at NIH who in turn obtained them from Dr. Fengzhi Li in Dr. Enrico Mihich's lab at Roswell Park Cancer Institute, Buffalo, NY. This is the closest one can get to the cell line that was originally described by Sugiara and Stock in 1952.
b. Describe the method of cell line authentication used. The issue of how to authenticate mouse cell lines is a difficult one, as the standard techniques used for human cell lines depend on the human population being outbred and therefore distinguishable if you use enough polymorphic markers. In cell lines derived from inbred mouse models, the same approach will only identify the mouse background strain (eg. C57Bl/6) and not the specific cell line itself.
Standard DNA analysis techniques used for identification of cell lines will not work for cells derived from inbred mouse populations which lack polymorphic marker differences. Thus, to identify the origin of mouse cell lines, we have collaborated with Dr. Lalage Wakefield's lab at the NCI to perform exome gDNA sequencing on E0771s and look at the single nucleotide variants for this line. Based upon the presence of three mutations, a homozygous activating K-Ras mutation, a truncating mutation and a non-synonymous SNV in p53, the identity of this cell line has been established.
c. Report whether the cell lines were tested for mycoplasma contamination.
All cell lines were tested for mycoplasma. No commonly misidentified cell lines were used.
Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines
Description of research animals
Provide details on animals and/or animal-derived materials used in the study.
Two transgenic variants of the C57BL/6 strain of mice were used for intravital imaging: 1) a VeCad-tdTomato mouse expressing the fluorescent protein tdTomato on all endothelia generated by crossing B6.FVB-Tg(Cdh5-cre)7Mlia/J (006137, Jackson Labs) with B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze (007914, Jackson Labs), and 2) a VeCad-tdTomato/Csf1r-ECFP mouse expressing tdTomato on endothelia and ECFP on macrophages generated by crossing the VeCadtdTomato with Csf1r-GAL4VP16/UAS-ECFP 33. Once strains were established, all mice were bred in-house. Only female mice between 12 and 36 weeks of age were used for experiments.
Policy information about studies involving human research participants
Description of human research participants
Describe the covariate-relevant population characteristics of the human research participants.
This study did not involve human research participants.
